Dementia with Lewy bodies (DLB) is a common form of dementia and is characterized by cognitive fluctuations, visual hallucinations, and Parkinsonism. The phenotypic expression of the disease may, in part, relate to alterations in functional connectivity within and between brain networks.
early stages (Calderon, 2001) . Neuroimaging methods such as restingstate functional magnetic resonance imaging (fMRI) can aid in better understanding the underlying brain changes associated with DLB and how these differ from other dementia subtypes. Resting-state fMRI can be used to study brain functional connectivity and enables characterization of resting-state networks (RSNs) which are sets of brain regions that are spatially distinct, but show coordinated activity in the absence of a specific task (Biswal, Yetkin, Haughton, & Hyde, 1995; Lowe, Mock, & Sorenson, 1998) . Several RSNs have been consistently found in healthy participant studies and involve brain regions that are related to different functions such as visual, motor and sensory processing, attention, salience, and memory (Damoiseaux et al., 2006) . One resting-state network that has been of particular interest is the default mode network (DMN) which is typically active during rest and deactivated upon the execution of a task (Raichle et al., 2001) and whose connectivity has been consistently found to be affected by AD (Binnewijzend et al., 2012; Greicius, Srivastava, Reiss, & Menon, 2004) .
Most studies investigating functional connectivity in DLB have used seed-based approaches (Galvin, Price, Yan, Morris, & Sheline, 2011; Kenny, Blamire, Firbank, & O'Brien, 2012; Kenny, O'Brien, Firbank, & Blamire, 2013) or only considered a small set of RSNs based on a priori hypotheses (Franciotti et al., 2013; Lowther, O'Brien, Firbank, & Blamire, 2014; Peraza et al., 2014) ; overall findings are somewhat inconsistent. While some studies have found that connectivity was generally decreased in DLB compared to age-matched healthy controls (Lowther et al., 2014; Peraza et al., 2014) , other studies only report increased connectivity in DLB compared to controls (Kenny et al., 2012; Kenny et al., 2013) . Furthermore, the networks that have been found to be altered in DLB differ between studies. Decreased connectivity in DLB was reported for salience, executive (Lowther et al., 2014) , frontoparietal, sensorimotor, and temporal networks (Peraza et al., 2014) whereas increased connectivity has been shown for basal ganglia (Kenny et al., 2013; Lowther et al., 2014) and thalamus (Kenny et al., 2013) . In particular, the role of the DMN in DLB has been debated with different studies showing increased (Galvin et al., 2011; Kenny et al., 2012) , decreased (Lowther et al., 2014) or unchanged connectivity within this network compared to controls (Franciotti et al., 2013; Peraza et al., 2014) . In addition to reporting inconsistent findings, previous analyses have been limited to studying within-network connectivity without considering connectivity changes between different RSNs. Therefore, the aim of this study was to investigate functional connectivity changes in DLB patients compared to healthy controls within and between a wide range of RSNs without a priori selection.
We also included a disease comparator group of AD patients to investigate which changes in functional connectivity are specific to DLB (rather than dementia per se) and might help to differentiate it from other forms of dementia. We hypothesized to find changes in functional connectivity in DLB in the following networks: motor and basal ganglia networks because of previous evidence for their implication in Parkinsonism (Szewczyk-Krolikowski et al., 2014) , attentional networks based on previous results in DLB (Peraza et al., 2014) and the presence of a wide range of attentional deficits in DLB (Ballard et al., 2001) , and possibly visual networks given DLB-related impairments in visual processing (Mosimann et al., 2004) 
| M ET HOD S

| Participants
The study involved 102 participants who were over 60 years of age: 33 were diagnosed with probable DLB, 36 with probable AD, and 33 were age-matched healthy controls (HC) with no history of psychiatric or neurological illness.
Participants from two contemporary independent studies conducted at one research center were combined for this analysis. Both studies recruited patients from the local community-dwelling population who had been referred to old age psychiatry and neurology services, and were approved by the local ethics committee. DLB and AD diagnoses were performed independently by two experienced old-age psychiatrists using consensus criteria for probable DLB (McKeith et al., 2005) and probable AD (McKhann, Drachman, Folstein, & Katzman, 1984; McKhann et al., 2011) .
| Data acquisition
MR imaging for both studies was performed on the same 3T Philips Intera Achieva scanner. The imaging protocol was the same in both studies except for a different resolution of the structural scans. To account for this, in the group analysis a dichotomous covariate of no interest for study membership was included. Structural images were acquired with a magnetization prepared rapid gradient echo (MPRAGE) sequence, sagittal acquisition, echo time 4.6 ms, repetition time 8.3 ms, inversion time 1250 ms, flip angle 5 88, SENSE factor 5 2, and in-plane field of view 256 3 256 mm 2 with slice thickness 1.2 mm, yielding a voxel size of 0.93 3 0.93 3 1.2 mm 3 (study 1) and in-plane field of view 240 3 240 mm 2 with slice thickness 1.0 mm, yielding a voxel size of 1.0 3 1.0 3 1.0 mm 3 (study 2). Resting-state scans for both studies were obtained with a gradient echo echo-planar imaging sequence with 25 contiguous axial slices, 128 volumes, anterior-posterior acquisition, in-plane resolution 5 2.0 3 2.0 mm, slice thickness 5 6 mm, repetition time 5 3000 ms, echo time 5 40 ms, and field of view 5 260 3 260 mm 2 . DLB patients who were taking dopaminergic medication were scanned in the motor ON state.
| Preprocessing
A first preprocessing step was carried out using FEAT (FMRI Expert Analysis Tool) Version 6.0 which is part of the FMRIB's software library (FSL, www.fmrib.ox.ac.uk/fsl) including motion correction using FMRIB's Linear Image Registration Tool (MCFLIRT), slice-timing correction, and spatial smoothing with a 6.0mm full width at half maximum Gaussian kernel. Participants were excluded if the MCFLIRT-estimated SCHUMACHER ET AL. | 1119 motion parameters exceeded 2 mm translation and/or 28 rotation. To assess differences in movement between the three groups due to patients with Parkinsonian symptoms the following formula was used (Liao et al., 2010) :
where M is the total number of volumes (M 5 128) and x i , y i , and z i are the translations/rotations at the ith time point in x, y, and z direction.
Denoising was performed with ICA-AROMA in FSL which performs single-subject independent component analysis (ICA) to remove motion components from each participant's functional data (Pruim, Mennes, Buitelaar, & Beckmann, 2015a; Pruim et al., 2015b) . Additionally, eroded CSF and white matter masks were estimated using FAST in FSL and the mean signal inside the mask was regressed out of each participant's cleaned functional data. Functional and structural images were then co-registered using boundary based registration in FSL, and normalized to the standard MNI template using Advanced Normalization Tools (Avants et al., 2011; Klein et al., 2009 ). Finally, functional data were temporally high-pass filtered with a cutoff of 150 s and resampled to a resolution of 4 3 4 3 4 mm 3 . Grey matter probability maps were obtained from the FAST-segmented T1 images and included as voxel-wise spatial covariates in the group comparison analyses.
| Analysis of resting-state data
Resting-state networks were estimated using an independent set of 42 HC participants from two previous studies that were conducted on the same MR scanner with similar imaging protocols (see Section 1 of the Supporting Information for more information). The temporally concatenated data from all additional control participants were subjected to a group-ICA using FSL's MELODIC (Multivariate Exploratory Linear
Optimized Decomposition into Independent Components). To obtain more reliable components, a meta ICA approach was adopted as in (Biswal et al., 2010; Poppe et al., 2013) . Briefly, MELODIC was repeated 25 times on randomized subsets of 30 out of the 42 HC participants. Subsequently, a meta ICA run was performed on the concatenated components from all individual ICA runs. A model order of 70 independent components was chosen for the individual as well as the meta ICA as this has been shown to be optimal for assessing disease-related group differences (Abou Elseoud et al., 2011; Dipasquale et al., 2015) . To identify reliable components, the spatial correlation of each meta component across the individual ICA runs was calculated and components with a correlation <0.6 across runs were excluded (Cerliani et al., 2015) . Furthermore, the meta ICA procedure was repeated using all HC participants from the main analysis and compared to the components from the independent group to ensure that the selected RSNs were present in both cohorts. All meta ICA components from the independent cohort that survived these reliability checks were visually inspected with respect to their spatial maps Table S2 ).
Subsequently, FSL-dual regression was run with all 27 identified
RSNs concatenated in a single 4D image, to obtain subject-specific representations of the RSN spatial maps and associated subject-specific time courses. Group differences between DLB and HC and between DLB and AD were assessed using FSL's randomize function with 10,000 permutations and family-wise error correction for multiple comparisons using threshold-free cluster enhancement (TFCE). Covariates of no interest were included to control for age, gender, and study membership. Additionally, in order to reduce the impact of cortical atrophy differences between our participant groups, we also included grey matter probability maps as voxel-wise regressors in the linear model (Damoiseaux, Prater, Miller, & Greicius, 2012) .
To investigate between-network connectivity, the FSLNets package was applied to the subject-specific time series from dual regression (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets). Full and partial correlations were calculated between all pairs of RSNs and the resulting correlation coefficients were converted to z scores for further analysis.
Partial correlations are computed as correlations between two RSNs while controlling for the effect of all other RSNs and are thought to reflect more direct connections (Smith et al., 2011) . FSL-randomize with 10,000 permutations was then applied to assess group differences in between-network connectivity including covariates for age, gender, and study membership. Results were FWE corrected for multiple comparisons.
| Statistical analyses
Statistical analyses were carried out in IBM SPSS version 23. Table 1 shows which statistical tests were applied to assess between-group dif- 
| Demographics
All three groups were matched for age and gender and the two dementia groups were matched in terms of overall cognition (MMSE and CAMCOG) and duration of dementia (Table 1) inhibitors was not significantly different between the dementia groups.
DLB patients were significantly more impaired in terms of Parkinsonism, visual hallucinations, and cognitive fluctuations than the AD patients.
| Within-network connectivity
Between-group comparisons of the dual regression results were performed across the whole brain space, that is, they were not spatially bounded by the thresholded RSN spatial maps shown in Figure 1 .
Decreased connectivity in DLB compared to controls was observed for nine RSNs including the lateral sensorimotor network, the medial sensorimotor network, the temporal network, the basal ganglia network, the right motor network, the thalamic network, the insular network 1, the anterior cingulate network, and the temporal pole network. Increased connectivity in DLB compared to controls was found in very small clusters for the left motor network, the ventral attention network, and the insular network 2 (Figure 2 , Table 2 , and Supporting Information, Figure S2 ).
Very small clusters of increased connectivity in DLB compared to AD were found for the default mode network 1 (Table 2 and Support- ing Information, Figure S2 ). There were no clusters of decreased connectivity in DLB compared to AD.
There were no significant differences in connectivity between DLB patients who were taking dopaminergic medication (N 5 18) compared to those who were not (N 5 13) except for two very small clusters of increased connectivity in the medicated patients comprising one voxel for the supplementary motor area network in left frontal orbital cortex and right superior frontal gyrus. A comparison between patients on and off cholinesterase inhibitors was not possible due to small numbers in the latter group.
| Between-network connectivity
When considering full correlations, there was a change in connectivity between the temporal pole and the anterior cingulate networks in DLB compared to HC (Figure 3 ). While this connection showed a negative correlation in controls, the mean correlation was around zero in the DLB group. There were no connections with decreased connectivity in DLB compared to controls.
When comparing AD and DLB a significant difference was found for the connection between the left fronto-parietal and the occipital pole networks which were positively correlated in the AD group, but showed a negative correlation in DLB (Figure 3 ). There were no significant differences for either contrast when using partial correlations. 
| Exploratory correlations with clinical scores in dementia with Lewy bodies
After applying FDR correction for multiple comparisons we did not find any significant correlations between clinical scores and mean withinnetwork connectivity in the DLB group for the clusters that showed significant group differences. Uncorrected results are shown in Supporting Information, Table S4 . As an additional exploratory analysis, we also investigated voxelwise correlations between clinical scores and connectivity within the clusters resulting from the group comparison (see Section 5 of the Supporting Information). However, even with this more granular analysis we did not find any significant correlations after applying FDR correction for multiple comparisons.
| D ISC USSION
We investigated within-and between-network connectivity in a wide range of RSNs in DLB compared to healthy controls as well as AD patients. With respect to within-network connectivity more decreases than increases in connectivity were identified in the DLB group compared to controls, mainly in motor, temporal, and frontal networks. This is the first study to investigate how connectivity between different RSNs is affected by DLB. However, the results from this analysis suggest that long-range functional connections are largely intact in DLB as there was only one connection between a frontal and a temporal network that showed altered between-network connectivity compared to controls. When directly comparing both dementia groups we only found very small differences indicating that AD and DLB might not be that different with respect to their resting-state functional connectivity.
Furthermore, we did not find any consistent relation between altered connectivity in DLB and any clinical variables suggesting that this analysis method might not be the most suitable to identify neural correlates of clinical DLB symptoms.
| Decreased connectivity in motor networks in dementia with Lewy bodies
Connectivity was decreased in DLB compared to controls in several motor networks, including both sensorimotor, the basal ganglia, and the right motor networks. Overall, the observed changes in these networks correspond well to the clinical manifestation of DLB which isamong other core symptoms-characterized by Parkinsonian motor features . Moreover, the results show substantial overlap with previous findings in Parkinson's disease (PD) and emphasize the significance of alterations in motor networks in DLB even though primarily this condition is characterized by cognitive decline and, frequently, significant AD co-pathology (Irwin et al., 2017) .
Decreased connectivity in the basal ganglia network has been found in PD compared to controls and AD and has been suggested as a biomarker for early PD (Rolinski et al., 2015; Szewczyk-Krolikowski et al., 2014) . While we found similar results in our DLB group, the clusters of decreased connectivity were much smaller than in previous PD studies. This might be due to the use of dopaminergic medication in many of our DLB patients which has been shown to restore basal ganglia connectivity to near-normal levels (Szewczyk-Krolikowski et al., 2014) . The present results stand in contrast to previous studies in DLB that found increased basal ganglia connectivity compared to controls (Kenny et al., 2013; Lowther et al., 2014) . The discrepancy between previous results in DLB and the present results and more recent PD studies is likely to be due to the use of different preprocessing methods, especially with respect to the removal of motion artefacts. It has recently been argued that motion correction approaches such as those used in previous DLB studies might have led to spurious findings and that prior results might have to be re-evaluated using more appropriate motion correction techniques such as those applied in this study (Ciric et al., 2017; Parkes, Fulcher, Yucel, & Fornito, 2017; Power, Schlaggar, & Petersen, 2015) . This is especially crucial when studying elderly patients and comparing groups with different degrees of motor symptoms (van Dijk, Sabuncu, & Buckner, 2012) .
In addition to decreased basal ganglia connectivity we found reduced connectivity within cortical motor networks. The right motor network showed large clusters of decreased connectivity in DLB within primary motor areas. Sensorimotor networks have been commonly shown to be altered in Lewy body diseases (Tessitore, Giordano, de Micco, Russo, & Tedeschi, 2014; Wu et al., 2011; Yu, Liu, Wang, Chen, & Liu, 2013) and lower connectivity within the motor cortex has been reported previously in DLB (Peraza et al., 2014 (Peraza et al., , 2016 Taylor, Colloby, McKeith, & O'Brien, 2013) . In addition to reduced connectivity within the motor network itself we found that cognitive control areas, such as frontal and default mode areas, were less strongly involved in this network in DLB, which might be related to impairments of voluntary movement control in this disease group. However, we did not find any correlations between the reduction in motor network connectivity and the severity of Parkinsonism. It might be that motor connectivity changes are related to the presence of Parkinsonian symptoms, but not their severity.
| DLB-related changes in nonmotor networks
With respect to nonmotor networks, we found decreased connectivity in DLB compared to controls mainly in temporal and frontal networks.
The temporal network showed a general disconnection from different occipital regions which agrees with previous findings in DLB (Peraza et al., 2014; Taylor et al., 2012) . The connections between occipital and temporal cortices represent the ventral visual stream which is involved in object recognition (Ungerleider and Haxby, 1994) . A breakdown of this important visual pathway might thus be related to visuo-perceptual difficulties in DLB (Mosimann et al., 2004) . However, similarly to previous studies we did not find any significant correlations with frequency or severity of visual hallucinations (Peraza et al., 2014) . As was previously posited, it may be that the observed connectivity changes foster a cortical state that is permissive for the occurrence of visual hallucinations, but that is not directly related to their severity of frequency of occurrence. (Teaktong et al., 2005) and cognitive deficits in PD (K€ ovari et al., 2003) .
The present results provide further evidence for the importance of ACC abnormalities in Lewy body diseases and suggest that the previously described changes at the synaptic level might lead to more widerange disruptions of the functional connectivity profile of this region.
However, whilst we replicated the common finding of decreased DMN connectivity in the posterior cingulate cortex in AD (Supporting Information, Figure S1 and Table S3 ; Binnewijzend et al., 2012; Greicius et al., 2004) , we did not find any changes in DMN connectivity in DLB compared to controls. Additionally, DMN connectivity was increased in DLB compared to AD albeit only in very small clusters.
These results indicate that the finding of DMN hypoactivity is rather specific to AD and might not be present in DLB patients (Franciotti et al., 2013; Peraza et al., 2014) .
The results of this study suggest that long-range connections are largely intact in DLB which is somewhat contradictory to results from a previous graph-based analysis that found a relative loss of medium and long range connections in DLB (Peraza, Taylor, & Kaiser, 2015) . However, while this study focuses on spatially distinct networks, the previous graphtheoretic approach is a more global analysis. It might thus be that connections between independent resting-state networks are rather intact while this might not be true for long distance connections in general.
| Comparison of the dementia groups
In contrast to previous studies we did not find large differences between the two dementia groups with respect to their withinnetwork functional connectivity (Galvin et al., 2011; Lowther et al., 2014 ). An important difference to previous studies was the use of a more stringent motion correction technique and the inclusion of a covariate to control for voxel-wise grey matter differences. Previous studies on AD-DLB differences did not include a grey matter covariate even though grey matter loss is generally more severe in AD than in DLB (Watson, O'Brien, Barber, & Blamire, 2012) and might thus lead to spurious results in a group comparison (Damoiseaux et al., 2012) . Furthermore, it has been shown that subtle differences in motion between groups can be mistaken for neuronal effects (van Dijk et al., 2012) .
In our investigation, however, we found a between-network connectivity difference between AD and DLB for the left frontoparietal and occipital pole networks, which showed opposed synchronizations;
positive in AD and negative in DLB. In the HC group, the correlation between these two networks is on average negative, which suggests that the positive correlation seen in the AD group is likely to represent an abnormal shift of connectivity from negative to positive correlation.
Functional alterations in occipital and attentional systems have been previously reported in AD (Li et al., 2012; Sorg et al., 2007) although not between these two systems. Further research will be needed to corroborate their altered functional inter-relations.
| Limitations
One limitation of this study is that some of the DLB patients were on dopaminergic medication and scanned in the ON state which might have influenced their functional connectivity measures. However, it has been shown that dopaminergic medication tends to normalize connectivity towards healthy levels (Szewczyk-Krolikowski et al., 2014; Tahmasian et al., 2015) , which implies that the group differences that we found were not due to medication. Another possible limitation is the fact that all diagnoses were based on clinical assessment rather than pathological confirmation. However, it has been shown that the standardized clinical criteria used in this study show high specificity when validated against autopsy findings (McKeith et al., 2000) .
| Conclusion
Functional differences between AD and DLB were subtle and suggest that these two dementias may have more similarities than differences in patients with mild disease. Additionally, our study revealed a general decrease in functional connectivity in DLB compared to healthy aging in motor, frontal, and temporal networks with a relative sparing of the DMN. The observed functional connectivity alterations might be related to the presence of motor and cognitive impairment in DLB as networks commonly associated with these functions showed lower connectivity. However, we were not able to find significant correlations between decreased functional connectivity in these RSNs and clinical scores associated with motor and cognitive function in DLB. Further research will be needed to infer the neural mechanisms associated with the symptomatic complexity of DLB and its differences with AD.
